The discovery of a new rapidly oscillating Ap star, HD 116114, with a pulsation period of 21 min, using high-resolution spectra obtained with the Ultraviolet-Visual Echelle Spectrograph at the European Southern Observatory's Very Large Telescope, is presented. The highest amplitudes of the radial velocity variations are between 50 and 125 m s −1 visible in the Eu II lines. The spectral lines of La II and the core of the Hα line have amplitudes of about 30 m s −1 . The frequency obtained for the oscillations is in good agreement with theoretical predictions of longer-period, evolved roAp stars. The distinction in luminosity between the roAp and noAp stars, and the suggestion that in all roAp stars the abundance of the second ions of Pr and Nd, relative to the abundance of the first ions, is anomalously high, need to be revised in the light of this discovery.
I N T RO D U C T I O N
The rapidly oscillating Ap (roAp) stars (Kurtz 1982 (Kurtz , 1990 are found in an instability strip crossing the main sequence between the late A and early F spectral types. As with many chemically peculiar stars, roAp stars have a strong magnetic field with a predominantly dipolar structure and exhibit chemical abundance anomalies, with especially strong overabundances of rare-earth elements. These stars pulsate non-radially in high-overtone acoustic modes with observed periods between 5.6 and 15 min. However, many stars seen within the instability strip have not been observed to pulsate despite having similar properties to known roAp stars. These stars, where pulsations are not observed, are commonly called the non-oscillating Ap (noAp) stars.
Using Hipparcos parallaxes, North et al. (1997) found that the noAp stars, in the same colour range, are more evolved and more massive on average than the roAp stars. A second comparison was carried out by Hubrig et al. (2000a) , who also concluded that noAp stars are more evolved than the stars exhibiting pulsations. Moreover, systematic differences between roAp and noAp stars have also been found regarding their chemical composition, particularly in the relative abundance of the second and first ions of both Pr and Nd (Gelbmann et al. 2000; Ryabchikova et al. 2004) .
Recently Balmforth et al. (2001) proposed a new model for the excitation mechanism in roAp stars. This model includes the indirect Based on observations collected at the European Southern Observatory, Paranal, Chile, as part of programme 072.D-013 (A). †E-mail: velkin@uclan.ac.uk effect of the magnetic field on pulsations, through the suppression of envelope convection, at least in some angular region of the star. It is then possible for the κ-mechanism, operating in the hydrogen ionization zone, to excite high-overtone pulsations. On the basis of this model, Cunha (2002) calculated the theoretical boundaries of the instability strip in the Hertzsprung-Russell (HR) diagram and predicted the oscillation frequencies as a function of evolutionary age. In a comparison with the data available for the observed roAp stars, she found that most of them fall within the theoretical instability strip. She also noted that, despite the lack of oscillators observed amongst the more luminous and evolved Ap stars, results of the stability analysis predict that oscillators should exist in this region, with frequencies slightly smaller than those typically observed in roAp stars. It was suggested that the oscillations in these more evolved and/or more luminous stars, having lower frequencies, could be missed more often than in other, higher-frequency roAp stars as a result of higher noise levels in the observations at lower frequencies.
The majority of the known roAp stars have been discovered and studied photometrically. The way in which candidates have been identified has led to a selection effect in the discovery of roAp stars. Candidacy was often based on Strömgren photometric indices (see e.g. Martinez et al. 2001) and, in particular, the δc 1 index has been used as an indicator of peculiarity. A negative δc 1 index is a good indicator of peculiarity because of the depression of the c 1 index caused by the high numbers of metallic lines. However, this is masked in more evolved and more luminous stars, as the high luminosity may mean that δc 1 is positive, even for a strongly peculiar star. Consequently, more evolved and more lumi- Table 1 . Physical parameters of HD 116114 given in North et al. (1994 , Hubrig et al. (2000b and Ryabchikova et al. (2004 , and derived from Smalley (1993 , from Geneva photometry with the calibration of Kunzli et al. (1997 and from Strömgren photometry with the calibration of Moon & Dworetsky (1985 The chemically peculiar star HD 116114 has Strömgren photometric indices y = 7.024, b − y = 0.174, m 1 = 0.223, c 1 = 0.848, δm 1 = −0.016, δc 1 = 0.008 and β = 2.833 (Martinez 1993) . The δm 1 index indicates peculiarity, while the δc 1 index appears normal. This is typical for evolved, more luminous Ap stars. Despite the apparent normality of the δc 1 index, HD 116114 was included in two photometric searches for new roAp stars (Nelson & Kreidl 1993; Martinez & Kurtz 1994) . No variability was found in either survey, and the star has been considered to be a noAp star, typical of such stars by the criteria of the studies mentioned above.
However, HD 116114 exhibits some properties similar to known roAp stars. It has strong lines of rare-earth elements, a core-wing anomaly in the Balmer lines (Cowley et al. 2001 ) and a strong magnetic field. It has a very low rotation velocity, and hence sharp spectral lines, allowing radial velocities to be determined very accurately for individual lines.
All of these properties of HD 116114 indicated that it was an interesting candidate to include for observations at the European Southern Observatory's (ESO) Very Large Telescope (VLT) to attempt to detect rapid oscillations in radial velocities, despite the absence of detectable photometric pulsations. In this paper the spectroscopic discovery of rapid oscillations with a period near 21 min in HD 116114 is presented, using observations obtained with the high-resolution Ultraviolet-Visual Echelle Spectrograph (UVES) on UT2 of the VLT. Moreover, results concerning pulsation stability in HD 116114 are presented, confirming the agreement between the theoretical results and this new observation, as predicted by Cunha (2002) .
BA S I C P RO P E RT I E S O F H D 1 1 6 1 1 4
In the catalogue of Bidelman & MacConnell (1973) , HD 116114 is listed as an m vis = 7 Southern hemisphere star with spectral class F and an anomalous Sr abundance. Olsen (1979) classified it as an Am or Ap star using Strömgren four-colour photometry. Abt, Brodzik & Schaefer (1979) , studying medium-resolution spectra, determined that HD 116114 has spectral type F0Vp SrCrEu. North, Berthet & Lanz (1994) investigated this star using high-resolution spectra and calculated several physical parameters as shown in Table 1 . Mathys, Landstreet & Lanz (1993) reported the observation of resolved magnetically split lines in HD 116114. Systematic measurements of its mean magnetic field modulus were performed by Mathys et al. (1997) and Mathys, Manfroid & Wenderoth (in preparation) . These authors also present determinations of other field moments. They did not detect any significant crossover, and they measure a mean quadratic magnetic field of 5960 G, which does not show any significant variation with time. From consideration of the mean longitudinal magnetic field and of the mean field modulus, they derive a rotation period of 27.6 d. The longitudinal field variations have a semi-amplitude of 84 G about a mean value of −1763 G; the field modulus varies about its mean of 5961 G with a semi-amplitude of 33 G. Landstreet & Mathys (2000) fitted a simple axisymmetric model of the magnetic geometry to the observations of the four above-mentioned field moments, obtaining a value of 2
• for the angle β between the rotation and magnetic axes, and finding that the rotation axis makes an angle i = 56
• with respect to the line of sight. In addition, the polar field strengths of the collinear dipole B d = −9 kG, quadrupole B q = 1.1 kG and octopole B oct = 0.6 kG were calculated.
The long time series of observations obtained to study the mean magnetic field modulus of HD 116114 also revealed that it is a spectroscopic binary with widely separated components. The radial velocity measurements obtained from these spectra indicate that the orbital period must be much longer than 6.5 yr. No obvious contribution of the secondary is seen in the spectrum. North et al. (1994) estimated the chemical composition of the star and found overabundances in several elements, including Ca, Sc, Fe, Cr, Sr, La, Ce and Nd, and an underabundance of Mg. In the most recent study of HD 116114 (Ryabchikova et al. 2004 ), chemical abundances of many elements were estimated using high-resolution spectra. Atmospheric parameters from this study along with others that have been discussed here are summarized in Table 1 .
O B S E RVAT I O N S A N D DATA P RO C E S S I N G
Spectroscopic observations of HD 116114 were undertaken at the ESO VLT UT2 in 2004 March. Using UVES, 111 spectra of HD 116114 were obtained at a resolution of R = 105 000 in a 2-h observing period. The exposure time for each stellar spectrum was 40 s, with a readout and overhead time of 25 s, giving a time resolution of 65 s. The charge-coupled device (CCD) images were processed using the UVES pipeline to extract one-dimensional (1D) spectra. The extracted spectra were normalized to the continuum, and the wavelength scale was corrected to the barycentre of the Solar system. The spectra range from 4970 to 7010 Å, with a small gap, about 60 Å wide, near 6000 Å.
Precise radial velocities were measured for a number of spectral lines by fitting Gaussians and using the centre-of-gravity method. This was done separately for each line and, if possible, for each Zeeman component of the line. Lines were identified using the Vienna Atomic Line Database (VALD) (Kupka et al. 1999 ) and the line lists for roAp stars from the Vienna AMS team internet home page. 
R E S U LT S A N D A NA LY S I S
A first visual examination of the spectrum of HD 116114 revealed one interesting feature: the second ionization lines of Pr and Nd are very weak relative to many known roAp stars previously studied. This observation agrees with the analysis made by Ryabchikova et al. (2004) . The Pr III and Nd III lines are characteristic in roAp stars and are usually among the strongest features in their spectra; these lines also usually show the largest amplitudes of radial velocity variations. In Fig. 1 , part of the spectrum of HD 116114 is compared with the known, very peculiar roAp star HD 137949 (33 Lib). It is easy to see that the Nd III, and especially Pr III, lines are significantly weaker in HD 116114.
In starting to look for rapid radial velocity variations, the rather weak Nd III and Pr III lines were used. As the central depths of most lines are below 10 per cent and the lines are fairly wide, the central positions of the lines were determined with considerable scatter, and Fourier analysis gave a noise level (height of the highest noise peaks in the amplitude spectrum) of about 60-80 m s −1 . The Eu II lines were also studied and were quite well represented in the spectrum of HD 116114. This star has a strong magnetic field, and many of the Eu II lines with large Landé factors undergo Zeeman splitting and exhibit a triplet structure. In such cases the wavelength for each component was determined using Gaussian fitting and the central wavelength of the whole line was found by applying the centre-of-gravity method.
The Eu II triplet at 6049.51 Å is good for measuring radial velocities. The amplitude spectra for all three components of the triplet show a peak with an unprecedented low frequency for a roAp star near 0.79 mHz. The reality of this was confirmed through other Eu II lines. All of the studied Eu II lines have a peak near 0.79 mHz.
For the narrow core of the Hα line, a significant peak with a similar frequency was obtained, with an amplitude of about half of that found for the Eu lines. There is also a clear peak at a frequency of 0.76 mHz with an amplitude of 26 m s this is hardly convincing. The amplitude spectra for a sample of different lines are shown in Fig. 2 . In Table 2 amplitudes and phases determined by least-squares fitting of the frequency 0.79 mHz (P = 21 min) are presented. Lines of other chemical elements were also searched for signatures of pulsation. The lines of Ba II often show rapid radial velocity variations in roAp stars, but with amplitudes several times lower than those typically found for the Pr, Nd and other rare-earth element lines. In HD 116114 the Ba II lines are very strong, as can be seen from Fig. 1 , yet no evidence of pulsation was found in these lines. The same null results apply to the Y II lines, although in several roAp stars this element exhibits radial velocity variations, but more weakly than for the rare-earth elements. With a precision of about 5 m s −1 , no oscillation was found in the Fe and Cr lines. Looking at Fig. 2 , it is clear that the rare-earth element lines and the core of the Hα line show frequency peaks close to 0.79 mHz, with the same peaks being absent in the Fe and Cr lines. By merging the radial velocities for the 11 best lines and their Zeeman components, it is possible to maximize the signal-to-noise ratio. This merged amplitude spectrum is shown in Fig. 2 .
T H E O R E T I C A L M O D E L S O F H D 1 1 6 1 1 4
The 21-min oscillation period of HD 116114 is unprecedented, as the range of principal pulsation periods in roAp stars is between 5.6 and 15 min. There is one possible exception to this, the multiperiodic roAp star HD 60435, for which the strongest pulsations are at periods of 6-12 min, with some evidence for longer-period modes over 20 min. Knowing the frequency limits could be crucial to solving many of the problems in understanding the physics of roAp stars, and could help in the selection of the best models describing the driving mechanism.
The higher frequencies are limited by the so-called critical or cutoff frequency. However, several roAp stars have been observed to have oscillation frequencies that exceed the theoretical cut-off frequency. This could be explained by the use of inappropriate models when calculating the cut-off frequency (Shibahashi & Saio 1985; Cunha 1998; Saio & Gautschy 2004) .
There are no known low-frequency restrictions, and stars that show δScuti pulsations with periods from 18 min to 8 h share the same region on the HR diagram as roAp stars. Some of the δ Scuti stars have an Ap or Am type spectral classification (Kurtz 1982; Joshi et al. 2003) . Martinez (1996) found 30-min oscillations in the peculiar star HD 75425, and a similar period of 29 min was discovered in another peculiar star HD 13038 (Martinez et al. 1999) . The Ap, rather than Am, character of these stars is yet to be confirmed, however.
According to Cunha (2002) , it is expected that roAp stars within the instability strip will have oscillation frequencies between 2.1 and 3.2 mHz near the zero-age main sequence (ZAMS) and from 0.7 to 1.0 mHz as they near core hydrogen exhaustion. Fig. 3 shows the calculated position in the HR diagram of HD 116114, in comparison with other roAp and noAp stars. The position of HD 116114 is indicated by the large filled diamond, and clearly shows that the star lies close to terminal-age main sequence. Unfortunately, the effective temperatures and luminosities have rather large uncertainties. There are differences amongst the estimates of the effective temperature by various methods and by different teams, as can be seen from Table 1 . By using dereddened Strömgren photometry from Hauck & Mermilliod (1998) and the calibration of Moon & Dworetsky (1985) for HD 116114, a value of T eff = 8040 K is obtained; similarly Geneva photometry gives T eff = 7800 ± 75 K (see Table 1 ). Clearly, the determination of effective temperature remains problematic for spectra this peculiar, and the uncertainty must be consider to be several hundred kelvins. Moon & Dworetsky (1985) ; luminosities were calculated using known Hipparcos parallaxes. Evolutionary tracks are from Christensen-Dalsgaard (1993) . The red edge of the theoretical instability strip is shown by the filled circles, which correspond to models with helium-depleted envelopes in which all high-frequency pulsations were found to be stable (Cunha 2002) . Small open circles show similar models in which some high-frequency pulsations were found to be unstable. The numbers near the latter indicate the frequency of the most unstable mode for each model.
To test the consistency between the new observations and the excitation theory of Balmforth et al. (2001) , we calculated the growth rates for linear non-adiabatic, radial oscillations in different models of HD 116114, with envelope convection suppressed. We note that, since the eigenfunctions of low-degree modes will have similar radial forms in the region of the star where the modes can significantly gain or lose energy, the growth rates of low-degree modes can be calculated from those obtained for radial modes. As discussed by Balmforth et al. (2001) , differences between the growth rates of radial and other low-degree modes will arise only from the non-spherical properties of the exciting layers. The relative growth rates, which are positive whenever modes are excited, are shown in Fig. 4 . In the upper panel, results are given for two models, one with a homogeneous envelope (open circles) and one in which helium has vanished from the surface layers due to gravitational settling (filled circles), assuming T eff = 8000 K. The middle panel shows two otherwise similar models, but for which T eff = 7330 K. In both cases the models have a mass M = 2.07 M , luminosity L = 24.55 L , and hydrogen and helium abundances X = 0.71 and Y = 0.27, respectively, where the subscript stands for solar values.
It is clear from Fig. 4 that, if T eff = 7330 K, the observed 0.79-mHz peak is well within the frequency range where unstable modes are expected to be found, according to the theoretical models. However, in agreement with the results of Cunha (2002) , as T eff increases, so do the frequencies of the modes that are expected to be excited. The upper panel of Fig. 4 shows that, when the former gets to values such as those determined by North et al. (1994) and Ryabchikova et al. (2004) , the observed 0.79-mHz peak no longer lies within the theoretical range of unstable frequencies, for a star with the nominal luminosity of HD 116114. Of course, the uncertainty on the luminosity, along with higher temperature, allows consistency between the observed and predicted frequencies.
There are other aspects of the structure of Ap stars, besides the helium profile, which influence the exact frequency range in which The model represented by filled circles in the upper panel is compared with two other models that differ from it in the extent of the atmosphere only (filled triangles) and in the boundary condition applied in the pulsating code only (filled squares). The atmospheres considered extend to an optical depth of τ min = 10 −5 for all models, except for the comparison one in the lower panel for which τ min = 10 −4 . The boundary condition applied in the pulsation code was perfectly reflective in all models, except for the comparison one in the lower panel, for which the boundary condition was obtained by matching the solutions into a plane-parallel isothermal atmosphere.
modes are expected to be excited, and which are not yet well known, or well modelled. With this in mind, in the lower panel of Fig. 4 we compare relative growth rates calculated with models of T eff = 8000 K, with different atmospheric and pulsating properties. The idea is to inspect whether important unknowns, such as the extent of the atmosphere and the mechanism responsible for reflecting the modes in the surface layers, are likely to change the results significantly.
The lower panel of Fig. 4 shows that, for all models with T eff = 8000 K that were considered, the observed 0.79-mHz peak lies below the frequency window in which modes are expected to be excited (even if very close to the lower limit). Consequently, within the unavoidable limitations brought about by the complexity of the atmospheric structure of roAp stars, which is far from being well modelled, we conclude that models of HD 116114 with T eff smaller than ∼8000 K produce results that are in agreement with the observations. Given the errors associated with the determinations of the effective temperature of HD 116114, we conclude that, concerning the frequency of the oscillation, the observations presented in this paper agree with the theoretical expectations in all cases.
P E C U L I A R A B U N DA N C E S A N D S P E C T RO S C O P I C C R I T E R I A F O R ROA P S TA R S
There is one unusual spectral feature of HD 116114 in comparison with other roAp stars, which has been commented on above, notably the rather weak Pr III and Nd III lines and the lack of measurable radial velocity variations in these lines.
The majority of roAp stars show very strong Pr III and Nd III lines. These lines form a good spectroscopic criterion for the study of Ap stars, in addition to photometric criteria, indicating that pulsations are likely. However, the use of this as a spectroscopic criterion is not 100 per cent successful, as there are cool Ap stars with strong Pr III and Nd III in which pulsations have not been detected, although observations may be limited in sensitivity to small-amplitude oscillations.
Also, in roAp stars the chemical abundances obtained using the Pr III and Nd III lines are much higher than for the Pr II and Nd II lines (Ryabchikova et al. 2004 ). This discrepancy in abundance between the first and second ionization states of Pr and Nd ranges from 1.3 to 2.2 dex, and was detected in all previously known roAp stars for which such chemical abundances have been determined. This discrepancy is generally not present in noAp stars.
It is possible that the results concerning the radial velocity variations in the Pr III and Nd III lines of HD 116114 are limited by the accuracy of the observations and that the data are not sensitive enough to allow for the detection of the pulsations in these lines. Very similar behaviour was detected in the roAp star 10 Aql (Kochukhov et al. 2002) , in which the amplitude of the radial velocity variations obtained from the Nd III line at 6145 Å was much smaller than from lines of Eu II and Gd II. The abundances of Pr III in 10 Aql and in HD 116114 (Ryabchikova et al. 2004 ) is lower than in other roAp stars, but the abundance of Nd III in 10 Aql is larger than in HD 116114.
In any case, the anomaly in the relative abundances of the two ionization states of Pr and Nd is certainly not evident in HD 116114.
C O N C L U S I O N S
Many of the results for HD 116114 are unusual compared to the traditional view of a roAp star. The main results that have been presented are summarized here.
(i) Despite the previous designation of HD 116114 as nonoscillating, the new observations show the existence of radial velocity variations indicating rapid oscillations with a period of 21 min.
(ii) Using high spectral and time resolution echelle spectra of HD 116114, rapid radial velocity variations with amplitudes between 26 and 125 m s −1 were measured in lines of the rare-earth elements Eu, La and Zr and in the core of the Hα line.
(iii) Radial velocity variations were not detected in the Pr III and Nd III lines, which typically show the largest amplitude variations in roAp stars. The lines of Pr III are very weak and it was not possible to achieve high precision, but for some Nd III lines the accuracy is sufficient to rule out radial velocity variations at the level detected in other lines in this star.
(iv) With high precision there is no evidence of pulsations in the lines of Fe, Cr, Ca and several other elements.
(v) The 21-min pulsation period is the longest roAp star principal pulsation period yet discovered. This period is in good agreement with the theoretical predictions of Cunha (2002) .
These results give new and important information regarding the general properties of roAp stars and will serve to stimulate further investigations. In particular, further studies are expected of cool Ap stars, which have not been observed to exhibit photometric variability, as well as of Ap stars that, for being more luminous, have previously been rejected as roAp star targets, as a result of the criteria used in the selection of the latter.
